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THE EFFECT OF PARTICLE SIZE ON THE PROPERTIES 
OF GAS-FLUIDIZED BEDS 

by 

K. S. Sutherland 

ABSTRACT 

The development of a continuous method for determin
ing changes in part icle size and part icle size distribution in 
fluid-bed systems has been studied experimentally. Differ
ential p re s su re measurements were employed to study the 
effects of solid part icle size on the behavior of gas-fluidized 
beds. The relevant bed proper t ies are briefly described and 
a review given of previous work on the study of fluidized-bed 
quality. It is shown that, within certain l imitations, m e a s 
urements of bed quality can be used to indicate changes in 
part icle s ize. Gas-bubble velocities, while increasing m 
proportion to the square root of bubble diameter , a re also 
shown to be dependent on part icle size, increasing as the 
part ic le size decreases . 

1. INTRODUCTION 

In the course of chemical reactions taking place in gas-fluidized 
beds, the size of the par t ic les may change as a resul t of several mechan
i sms . Some changes may be expected and will be allowed for in the design 
of the reaction system. Other changes may be unexpected, and these will 
almost certainly be unwanted. Examples of such unwanted changes are 
the formation of lumps, which may cause the bed to lose its fluidization 
charac te r i s t i cs , and the production of an excessive quantity of fine pa r 
t ic les , which may result in loss by elutriation of valuable solid mater ia l , 
or cause operating difficulties in the equipment for off-gas t reatment . 

At present , little can be done to observe changes in part icle size 
and size distribution short of sieve analysis , which is t ime-consuming 
and may be difficult under some conditions, such as m the presence of 
high levels of radioactivity. Attempts to develop more rapid means of 
determining part icle size changes by observation of fluidized-bed prop
er t ies have so far been relatively fruit less. However, if such a method 
were available it would be a valuable process operation tool. This study 
was therefore undertaken to examine the effects of par t ic le size on some 
of the mechanical proper t ies of gas-fluidized beds to discover if one of 
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the se p r o p e r t i e s could be u s e d a s an i n d i c a t o r of changing p a r t i c l e s i z e . A 
p r o m i s i n g me thod u s e d p r e v i o u s l y h a s been the o b s e r v a t i o n of the v a r i a t i o n s 
in p r e s s u r e d rop be tween two p r o b e s , m o u n t e d one above the o t h e r in the 
f luidized bed, and th i s m e t h o d h a s b e e n a d o p t e d for the p r e s e n t s tudy . 

2. THE E F F E C T OF P A R T I C L E SIZE ON THE 
P R O P E R T I E S OF F L U I D I Z E D BEDS 

2.1 The C h a r a c t e r i s t i c s of F l u i d i z a t i o n by G a s e s 

To examine the effects of changing p a r t i c l e s i ze on the b e h a v i o r of 
gas - f lu id ized b e d s , it is f i r s t n e c e s s a r y to c o n s i d e r a l l the p r o p e r t i e s of 
f luid-bed s y s t e m s that a r e l ike ly to be af fec ted . The d i s t i n c t i v e c h a r a c t e r 
i s t i c s of f luidized beds that m a k e f lu id iza t ion s u c h a conven ien t p r o c e s s i n g 
tool a r e by now wel l -known and need only be s u m m a r i z e d a s fo l lows: 

a) F lu id ized sol ids behave a s a l iqu id , wi th a def in i te " h y d r o 
s t a t i c " head, and can eas i ly be fed to , and r e m o v e d f r o m , a r e a c t o r . 

b) Equipment i s r e l a t i ve ly s i m p l e , wi th few moving p a r t s , and 
f lu id ized-bed p r o c e s s e s a r e quite e a s i l y c o n t r o l l e d . 

c) F lu id iza t ion begins a t a p a r t i c u l a r gas v e l o c i t y , wh ich i s 
c h a r a c t e r i s t i c of the p r o p e r t i e s of the g a s and so l id invo lved ; t h i s v e l o c i t y 
is cons iderab ly l e s s than the t e r m i n a l ve loc i ty of the a v e r a g e - s i z e d 
p a r t i c l e . 

d) The range of gas flow r a t e s over wh ich f lu id iza t ion is p o s s i b l e 
i s l imi ted , at the lower end by the m i n i m u m f lu id iza t ion v e l o c i t y , and a t 
the upper end by slugging a n d / o r e n t r a i n m e n t of the bed p a r t i c l e s . 

e) The p r e s s u r e drop a c r o s s a f lu idized b e d r e m a i n s a p p r o x i 
mate ly cons tant , at a value equal to the bed weight p e r uni t a r e a , a s the 
gas flow is i n c r e a s e d above the m i n i m u m f lu idiza t ion flow r a t e ; t h i s 
constant p r e s s u r e drop would then be l e s s , for the s a m e g a s flow r a t e , 
than that for the s ame m a t e r i a l c o n s t r a i n e d as a fixed bed . 

f) Gas- f lu id ized beds a r e n o r m a l l y ag i t a t ed by b u b b l e s or 
pockets through which gas is cont inuously flowing and which c a u s e r a p i d , 
sol id movemen t through the bed. 

g) At any given ins tant , the volume of gas in e x c e s s of t ha t r e 
qu i red to fluidize the bed is be l i eved to be p r e s e n t as b u b b l e s , a l though 

r ' e s t T t ^ e t d " ' ^ " ^ " ^ ^ ^ ' ^ ^ ^ ' ^ ^ ^ " '^' ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^^>^^les and t i e 
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h) Rapid solid circulation results in uniform solid composition 
and tempera ture throughout the bed and promotes heat t ransfer between 
the bed mater ia l and a heat exchange surface. 

i) The fine subdivision and consequent higher surface a rea of 
the bed mater ia l , as compared with a fixed bed, give a higher rate of heat 
and mass t ransfer between gas and par t ic les , although the transfer co
efficients are little different in the two cases . 

j) As the fluidizing gas velocity increases , the heat t ransfer 
ra tes between the bed and a heat exchange surface at first increase , then 
pass through a maximum value, and finally decrease . 

k) Although solid composition and temperature are usually uni
form throughout a fluidized bed, a system having thermal and concentration 
gradients can be produced; this can be done by tapering the bed, by using 
baffles, or by using several beds in se r ies . 

1) Fluidized beds offer resis tance to the passage of a solid object 
through them; this res is tance , which is character is t ic of bed conditions, 
is analogous to the viscosity of the liquid. 

m) Fine par t ic les above a certain concentration are elutriated 
from a bed according to a f i r s t -order law, the concentration of fines in 
the off-gas being proportional to that in the bed. 

2.2 The Effect of Par t ic le Size on Bed Proper t ies 

Since so many of the propert ies of a fluidized bed are interdepend
ent, it is often difficult to separate the individual effects of average part icle 
size and par t ic le -s ize distribution on the mechanical and transfer propert ies 
of the bed, but the following general observations may be made: 

a) The minimum fluidization velocity is directly proportional to 
the square of the average part icle diameter , and is somewhat affected by 
the width of the par t ic le -s ize distribution. 

b) A large average part icle size is more conducive to slugging 
than a small value, since the ratio of slugging velocity to minimum fluid
ization velocity increases as the average part icle size decreases ; how
ever, a bed of very fine par t ic les is prone to channeling, and the best 
fluidization conditions a re usually obtained with a wide size distribution. 

c) A limitation of the fines content of a wide size distribution is 
the gradual elutriation of the smallest par t ic les at the velocity required to 
fluidize the la rges t par t ic les . 
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d) The p r e s s u r e d r o p a c r o s s a f lu id ized bed i s unaf fec ted by p a r 
t i c l e s i z e , a l though in the p r e f l u i d i z e d ( i . e . , f ixed-bed) s t a t e it i s i n v e r s e l y 
p ropo r t i ona l to the s q u a r e of the a v e r a g e p a r t i c l e s i z e . 

e) The void f r ac t ion of the i nc ip i en t ly f lu id ized bed i s i n v e r s e l y 
p ropo r t i ona l to p a r t i c l e d i a m e t e r for c l o s e cu t s of p a r t i c l e s i z e , and is 
h ighe r for a c lose cut than for a wide d i s t r i b u t i o n wi th the s a m e a v e r a g e 
p a r t i c l e s i z e . 

f) The bed " v i s c o s i t y , " a s m e a s u r e d by m e t h o d s d e v e l o p e d for 
l iqu ids , i s s t rongly dependent on void f r a c t i o n , and is e s p e c i a l l y af fec ted 
by fines concen t ra t ion (a s m a l l p r o p o r t i o n of f ines added to a b e d of c o a r s e 
p a r t i c l e s g r ea t l y r e d u c e s the bed v i s c o s i t y ) . 

g) Heat and m a s s t r a n s f e r r a t e s b e t w e e n p a r t i c l e s and fluid a r e 
ma rked ly affected by p a r t i c l e s i z e , s ince the a v a i l a b l e s u r f a c e i n c r e a s e s 
as p a r t i c l e d i ame te r d e c r e a s e s (the a c t u a l t r a n s f e r coef f i c ien t s a r e not 
affected, however , and s ince i n s t a n t a n e o u s t r a n s f e r r a t e s a r e diff icult to 
m e a s u r e , this p r o p e r t y of the bed is un l ike ly to p r o v i d e a s i m p l e i n d i c a 
t ion of p a r t i c l e - s i z e changes ) . 

3. QUALITY OF FLUIDIZATION 

No ment ion has been made so far of t ha t p r o p e r t y of a f lu id ized 
bed cal led the "quali ty" or "un i formi ty" of f lu id iza t ion . As def ined by 
M o r s e , i l ) "quali ty of f luidization is . . . the u n i f o r m i t y of p a r t i c l e d i s -
p e r i s o n and the uniformity of gas ve loc i ty in a boi l ing bed . The w a t e r -
fluidized bed of sand a p p r o a c h e s p e r f e c t qua l i ty . The bed tha t s lugs o r 
channels badly is at the other e x t r e m e of qua l i ty . The bed in wh ich the 
gas pockets r e m a i n sma l l and wel l d i s t r i b u t e d , wi th a s t e a d y , even , o v e r 
al l boiling of the bed, is i n t e r m e d i a t e in un i fo rmi ty , but p e r h a p s o p t i m u m 
in the ba lance between uni formi ty and the r e q u i r e m e n t of mix ing and 
boiling in o r d e r to cont ro l t e m p e r a t u r e . " 

Although cons ide rab le e x p e r i m e n t a l effort h a s b e e n devo ted to a 
study of bed uniformity , a quant i ta t ive value for qua l i ty of f lu id iza t ion 
has p roved difficult to define. A f luidized bed is a h e t e r o g e n e o u s s y s t e m , 
but , the above definition ind ica tes that the m o r e a bed r e s e m b l e s a h o m o 
geneous fluid, the g r e a t e r wil l be i ts un i fo rmi ty . Whe the r l a r g e or s m a l l , 
the gas bubbles in a f luidized bed give it i t s a p p e a r a n c e of g r o s s h e t e r o 
genei ty; a study of the quali ty of a bed t h e r e f o r e r e d u c e s to a s tudy of i t s 
bubbling p r o p e r t i e s . As indica ted above, a b u b b l e - f r e e b e d m a y no t be 
ideal f rom all points of view, s ince p a r t i c l e m o v e m e n t in a g a s - f l u i d i z e d 
bed does not occur in the absence of gas bubbles . (2-4) 

The value of some ea r ly t h e o r e t i c a l s t ud i e s of bed q u a l i t y ( l ,5,6) 
was reduced by the nonavai labi l i ty to t he i r a u t h o r s of s o m e of the m o r e 
r e c e n t s tudies of the ac tua l na tu re of g a s - f l u i d i z e d b e d s , and by a c c e p t a n c e 
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of Wilhelm and Kwauk's t e r m "aggregative fluidization" to describe such 
beds. The most valuable contribution was that of Rice and Wilhelm^ > who 
developed a set of equations governing the stability of bed-fluid "interfaces" 
(although they decided that it was the upper surface of a bubble that was 
unstable). These equations have been further developed by Romero,^ • 
who rear ranged them into dimensionless group form, but they can still be 
used only to distinguish between "particulate" and the so-called "aggrega
tive" fluidization. 

Several experimental methods have been used to study bed uni
formity, of which the more common are as follows: 

a) Absorption of light or other radiation by the bed.(9-18) 

b) Determination of bed viscosity.(19-28) 

c) Variation in capacity of an electr ical condenser immersed in 
the bed.(29-33) 

d) Fluctuation in bed p re s su re drop.^ . > " i 

Other methods have involved following the impact of par t ic les on a dia
phragm connected to a piezoelectric crystal,(^3) a study of bed surface 
fluctuations,(44) use of a thermis tor probe(45) or hot-wire anemometer,t») 
and cinephotography.(46,47) Additional information on bed quality can 
also be obtained from the kinetics of chemical reactions car r ied out in 
fluidized beds, as compared with those car r ied out in fixed beds under 
similar conditions.(^8-53) xhis method, however, produces little more 
useful information than that some of the reacting gas has "by-passed" 
the fluidized bed. 

None of the above-mentioned methods is perfectly satisfactory as 
a measure of fluidization quality. Viscosity measurements involve the 
insertion into the bed of a paddle or s imilar device which, by its presence, 
as well as its rotation, interferes with the bed behavior in the area that 
it is exploring. Similarly, a small capacitor will also interfere with local 
behavior. In addition, the capacity method is limited to nonconducting 
solids. The radiation-adsorption methods overcome this difficulty of 
interference with bed behavior, but they cannot, in general , distinguish 
between the effect caused by, say, one large bubble crossing the beam and 
that of two bubbles, each half the size of the large bubble, crossing to
gether. The equipment used is quite elaborate and more costly than that 
for the other methods. 

Viscosity, capacity, and absorption measurements a re l imited to 
a par t icular region of the bed, which may be quite small with respect to 
the bed size. If the bed is deep or of large diameter , such determinations 
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cannot give a r e l i ab l e p i c t u r e of the o v e r a l l b e h a v i o r . The p r e s s u r e - d r o p 
fluctuation method m a y not have t h i s l i m i t a t i o n , but i t m a y a l s o h a v e the 
inabil i ty to d i s t ingu ish be tween one l a r g e bubble and s e v e r a l s m a l l ones 
in the zone of study. 

F r o m the point of view of e a s e of e x p e r i m e n t a t i o n , the p r e s s u r e -
drop fluctuation method is p r o b a b l y the b e s t of t h o s e u s e d so f a r . In 
addit ion, it has the advantage of being dependen t upon the bubbl ing c h a r a c 
t e r i s t i c s of the bed to a g r e a t e r d e g r e e than m o s t of the o the r m e t h o d s , 
s ince at any given ins tan t , the p r e s s u r e d r o p a c r o s s any r e g i o n of a 
fluidized bed is d i r ec t ly p r o p o r t i o n a l to the we igh t of so l id in tha t r e g i o n . 
The p r e s e n c e of bubbles wil l a l t e r t h i s p r e s s u r e d r o p by an a m o u n t r e 
la ted to the bubble vo lume , s ince the bu lk d e n s i t y of the d e n s e p h a s e 
sur rounding the bubbles r e m a i n s a p p r o x i m a t e l y c o n s t a n t . 

Compara t ive ly few of the for ty-odd r e f e r e n c e s to bed qua l i ty c o n 
ta ined much useful in format ion . The p a p e r s c o m m o n l y d e s c r i b e in de ta i l 
the expe r imen ta l methods used , but fail to give m u c h da ta on the effect 
of bed p r o p e r t i e s on un i formi ty of f lu id iza t ion . T h e r e is f r e q u e n t l y con 
flict between the r e s u l t s of v a r i o u s a u t h o r s ; for e x a m p l e , m o s t a u t h o r s 
a g r e e that the wider the p a r t i c l e s ize d i s t r i b u t i o n , the m o r e u n i f o r m the 
bed w h e r e a s Tyuryaev et al .(41) find t h e i r index of h e t e r o g e n e i t y to be 
independent of the width of d i s t r ibu t ion . 

The end product of m o s t m e t h o d s of s tudy is a s ing le t r a c e on a 
r e c o r d e r cha r t . F o r a given se t of cond i t ions , t h i s t r a c e wi l l have a 
roughly constant frequency of osc i l l a t ion about a m e a n v a l u e , and a 
roughly constant m a x i m u m ampl i tude of o s c i l l a t i o n , but w i l l , in g e n e r a l , 
be highly i r r e g u l a r in shape . F r o m such t r a c e s , v a r i e d " u n i f o r m i t y 
ind ices" have been obtained, on the a s s u m p t i o n tha t a m p l i t u d e and f r e 
quency a r e c h a r a c t e r i s t i c of the c o r r e s p o n d i n g bed c o n d i t i o n s . The u s u a l 
index involves an ave rage deviat ion f r o m the m e a n va lue d iv ided by the 
frequency, so that a low value for the index i n d i c a t e s good u n i f o r m i t y , 
and a high value indica tes poor qual i ty . B e c a u s e of the u n c e r t a i n t y in the 
m e a s u r e m e n t of f requency, t h e r e has been i n c r e a s i n g u s e of an index 
evolved f rom the r a t e of change of the v a r i a b l e or " i n t e n s i t y of f l u c t u a 
t ion," exemplif ied by the w o r k of Braze l ton(34) and F i t z g e r a l d . ( 3 ^ ) The 
avai lable evidence does not indicate that e i t h e r of t h e s e two t y p e s of i ndex 
is supe r io r to the o ther . 

The following genera l c o m m e n t s s u m m a r i z e the v a r i o u s s e t s of 
publ ished r e s u l t s . 

a) Bed quali ty is r educed as the f lu id iza t ion ve loc i t y i s i n c r e a s e d . 

b) F o r a given a v e r a g e p a r t i c l e s i z e , a w i d e - s i z e cut s e e m s to 
give m o r e uni form fluidization than a n a r r o w one. 
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c) For narrow size cuts, a small part icle size tends to give a 
more uniform bed than a large size. 

d) The uniformity of a bed of coarse par t ic les is improved con
siderably by adding a small quantity of fines, but a corresponding addition 
of coarse part ic les to a bed of fine part icles has little effect. 

e) Increase in bed height, within l imits , is said not to affect the 
uniformity at a fixed distance above the distributor. 

f) Uniformity decreases with increasing distance from the 
distr ibutor. 

g) A porous plate distributor, especially one for which the p r e s 
sure drop ac ross it is a significant fraction of that across the bed, gives 
more uniform fluidization than wire screens , cone inlets, or perforated 
plates . 

h) Uniformity decreases as the ratio of particle-to-fluid density 
increases . 

4. PRESSURE-DROP FLUCTUATIONS IN A FLUIDIZED BED 

4.1 Previous Experimental Methods 

Rapid changes in p ressure drop ac ross all or part of a bed have 
been followed by recording the movements of a thin diaphragm connected 
to probes immersed in the bed. This has been done in two ways. Henwood 
and Thomas(3'') and Reboux(38) used a single probe connected to one side 
of the diaphragm, which constituted one (movable) plate of an electr ical 
condenser having a fixed plate mounted close to it. The movement of the 
diaphragm altered the capacity of the condenser, and the variations were 
studied either by photography of an oscilloscope trace,(38) or by a high
speed recorder and an integrating meter.(37) In both cases , the other 
side of the diaphragm was maintained at approximately the same average 
p re s su re as that on the recording side. 

The second method involves two probes, one connected to the 
space on each side of the diaphragm, the movement of the diaphragm 
being indicated by strain gages.(34-36,39) Shuster and Kisliak(39) had 
the probes connected across the entire bed, whereas Brennecke(35) had 
one probe always above the bed, and then placed the second probe at 
various bed levels. Both obtained a chart record of the voltage fluctuations 
produced in the strain-gage bridge network, and determined uniformity 
indices based on p lanimeter -measured chart a r eas . 

The continuing work reported by Brazelton,(34) F i t z g e r a l d , " • ' and 
T ;i_(54) has used the same two-probe-and-stra in-gage system, which 
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provides a record of the intensity of fluctuation by means of an emf squaring 
device, such as a heater-thermocouple junction. 

The last-mentioned method has produced some encouraging resu l t s , 
since some effect of particle size can be observed, and a direct reading is 
given without need for subsequent analysis of a chart record. 

4.2 The Effect of Gas Bubbles on P r e s s u r e - d r o p Readings 

In a bed of particles that is maintained at the point of incipient 
fluidization, the pressure drop across a region is effectively equal to the 
weight of bed material in that region, divided by the cross-sec t ional area 
of the bed. If the gas velocity is increased just enough to cause a bubble 
to rise through the bed, then (since it can be assumed that the bulk density 
of the fluidized material surrounding the bubble does not change signifi
cantly) the pressure drop across the region should decrease in the rat io 
of bubble volume to probe-region volume. When the bubble leaves the 
region, the pressure drop will return to its original value. 

Thus, if the indicating device is iner t ia less , the record produced 
by a succession of bubbles passing through the region should be a steady 
maximum value with a series of troughs representing the bubbles. If 
only one bubble at a time passes through the zone under examination, the 
depth of each trough will be proportional to the volume of the corresponding 
bubble, and the width of the trough will be inversely proportional to the 
bubble velocity. 

The presence of more than one bubble in the region at any instant 
will complicate this simple picture. Two bubbles passing through together 
will produce the same trough in the t race as a single bubble of the same 
total volume moving at the same velocity. However, since there is some 
indication that the speed of a bubble is related to its size,(55,56) it is 
likely that the larger bubble will be travelling faster and so could possibly 
be distinguished by a narrower trough. 

The pressure-sensing device will have some interia, however, so 
that the initial and final surges of each bubble may exceed the mean effect 
lines on the trace, but it should be possible to follow the t race for a gently-
bubbling bed. When the bubbling intensity increases , the inert ia of the bed 
may begin to exert an effect on the pressure t r aces , since the solid mater ia l 
may, to a certain degree, be compacted ahead of a bubble, and expanded 
behind it. This will produce a more complicated t race , and the complexity 
will increase as the bubbling rate increases . For a system in which bubbles 
can be generated at any required frequency and of known size, it may be 
possible to reproduce t races obtained with randomly-fluidized beds, and so 
understand the mechanism responsible for these t r aces . 
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It seems reasonable to assume that the p re s su re -d rop t race 
produced by probes situated on the bed axis would be the same as that 
produced by probes situated at the wall, provided that the bed does not 
have too great a diameter . For large beds, however, instantaneous p ressu re 
drops between any two levels may vary widely between axial and wall 
regions. 

Bubbling in a fluidized bed is frequently assumed to be a random 
process , but this may not be t rue . When bubbling is not random in posi
tion, the methods of uniformity analysis that rely on point determinations 
will not give as cor rec t a picture as will the overall effect of p r e s s u r e -
drop fluctuation. 

5. EXPERIMENTAL SYSTEM 

5.1 Apparatus 

The experiments described in this report were conducted in 
Lucite columns with air as the fluidizing gas. The arrangement is i l lus
t ra ted in Figure 1. The air was supplied from a 100-psig main through 
a humidifier to a pressure- reducing valve. The flow rate was measured 
by a bank of ro tamete rs , each of which could be used individually, and the 
rate was controlled by valves downstream of the ro tamete rs . In this way, 
the p re s su re in the ro tameters could be maintained at a constant value 
regard less of the p ressu re drop across the fluidized bed in use . 

Figure 1 
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Air entered the fluidized bed units at the side of the inlet box, to 
which the columns were connected by a flanged joint with an O-ring seal. 



Figure 2 
SKETCH OF PROBES 

A porous metal distributor plate was mounted between the inlet box and 
the column, the seals being made of flat rubber gaskets. The columns were 
Qf 3 . 5i_^ and U-in. internal diameter , in various lengths, with flange and 
O-ring joints between the sections when more than one were used. 

Each inlet box had a p ressu re tapping leading to two manometers in 
parallel, one filled with mercury, and one with a fluid whose specific gravity 
was 2.95. By means of these manometers , the p re s su re drop ac ross both 
the bed and the distributor plate could be determined. The p ressu re drop 

across the distributor alone was meas 
ured before any bed mater ia l was in 
place, and the appropriate values were 
subtracted from the overall figures to 
give the p r e s su re drop across the bed 
alone. This eliminated the need for 
additional purging air flows that would 
be required for a p re s su re tapping above 
the distributor plate. 

Provision was also made in each 
inlet box for an additional air supply to 
the bed through a i - i n . -bo re plastic 
tube, whose end was flush with the top 
of the distributor plate and at its center. 
The air was taken from the low-pressure 
side of the main reducing valve through 
a second reducing valve to a solenoid-
operated check valve. The solenoid was 
energized by an electronic t imer de
livering pulses continuously variable 
from 0.01 to 1.1 sec. In this way, in
dividual bubbles of various sizes could 
be injected into a fluidized bed otherwise 
effectively free of bubbles. 

The p ressu re variations in the 
bed were detected by two probes sus 
pended from a clamp mounted on the 
column. The clamp was designed to per 
mit adjustment of the distance between 
the two probes, the distance of the 
probes above the base of the bed, and 
the position of the probes relative to 
the bed axis. The probes themselves 
were made of steel tubes of approxi
mately i^-in. bore, the lower inch or so 
of each being bent at right angles to the 
rest of the probe (see Figure 2). The 
lower end was sealed, and a hole of the 
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same bore was drilled through the tube horizontally about i - in . from the 
end. These p re s su re tappings were then covered with fine wire mesh to 
prevent the entry of solids. 

The two probes were connected, by lines that were as short as 
possible and of equal length, to the high- and low-pressure sides, r e spec 
tively, of a differential p re s su re t ransducer (Consolidated Electrodynamics 
Corporation, Type 4-315). Separating the high- and low-pressure sides 
was a thin diaphragm which moved as the differential p re s su re changed. 
The movements were detected by a s train gage fixed to the diaphragm; the 
variations in res is tance of the strain gage were converted to variations in 
potential in a bridge network, shown in Figure 3. A 6-volt battery and 
voltage divider were used to provide a steady 5-volt source to the bridge, 
which also had a zero-adjustment circuit. For most experiments, the out
put from the t ransducer , which was of the order of a few millivolts, was 
detected directly by a Bristol single-pen chart recorder , with chart speeds 
up to f i n . / s ec . Use was also made of a Honeywell Visicorder, with a 
record made by a spot of light, reflected from the m i r r o r of a miniature 
galvanometer, on photosensitive paper. This system needed a DC amplifier 
because of its lower sensitivity, but could be operated with paper speeds 
up to 50 in . / s ec , and also had provision for several inputs, enabling the use 
of auxiliary timing units. One input was an electronic t imer giving regular 
pulses at 0 .01- , 0 .1 - and 1-sec intervals; another input detected (via a r e 
lay) the open time of the solenoid valve that was used to generate single 
bubble s. 

Figure 3 
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5.2 Apparatus Calibration 

5.2.1 Rotameters 

The three rotameters used in these experiments had the follow
ing flow ranges: 

RO: 0.025-0.45 scfm when calibrated at 10 psig; 

Rl: 0.3-2.4 scfm when calibrated at 50 psig; 

R2: 2-18 scfm when calibrated at 50 psig. 

The rotameters were calibrated against at least two of a set of three gas 
meters, at the pressures indicated above. During the calibration, a set of 
readings was also taken of the p ressu re drop ac ross one of the porous dis
tributor plates for the 3-in.-dia bed. These values were plotted on a single 
graph for all three rotameters to ensure that a smooth continuous curve 
was obtained. This demonstrated the lack of e r r o r between one gas meter 
and another. 

5.2.2 Transducer Calibration 

The relationship between t ransducer output voltage and 
applied differential pressure was determined at the beginning of the study 
and repeated during its course to ensure constant behavior. The transducer 
and the oil manometer were connected to the h igh-pressure air line through 
a reducing valve, and the pressure adjusted by means of a controlled-leak 
valve. The output of the transducer was then determined on the Bristol 
recorder and by a standard cell potentiometer, at values up to 10 mV, the 
corresponding pressures being measured on the manometer . The relation
ship between transducer output and pressure was linear over the entire 
range. 

5-2-3 Recorder Characteristics 

The chart speed for the single-pen recorder was measured 
against a stop watch. Only the fastest speed, determined to be 0.674 i n . / 
sec, was used. To minimize the effect of friction on the differential p r e s 
sure record, the pen-to-paper contact p ressure was reduced to as low a 
value as possible consistent with the production of a readily visible t r ace . 

r- lu J^*" Visicorder was operated at an indicated speed of 10 i n . / 

of 10.54 m.7sec" ^ ^ ^ " ' ' ^ ''°^ * ^ ' ' ^ ^"^ '̂̂  electronic t imer gave a value 
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5.2.4 Bubble Generator Calibration 

The bubble generator was mounted initially to produce bubbles 
under water. The unit was then calibrated at several t imer settings by 
determining the volume of air passed by a known number of pulses . The 
limit was also established for the production of a single bubble per pulse 
rather than a se r ies of bubbles. This limit was checked in a fluidized bed 
and found to apply quite closely. The bubble generator character is t ics were 
determined at intervals during the study to check on uniformity. 

5.3 Fluidized-bed Materials 

Apart from a few tests made with copper shot, all the experiments 
were performed using glass beads as the fluidized-bed mater ia l s . The 
size range of the beads was from 25 to 270 mesh. Some initial work was 
done with a mixture of glass beads -40 +60 mesh. After this, the available 
mater ia l was carefully screened into six fractions, with intended size d is 
tributions as follows: 

35 mesh fraction -30 +40 mesh (420 to 595 microns); 
45 mesh fraction -40 +50 mesh (297 to 420 microns); 
60 mesh fraction -50 +70 mesh (210 to 297 microns); 
80 mesh fraction -70 +100 mesh (149 to 210 microns); 

120 mesh fraction -100 +140 mesh (105 to 149 microns); 
170 mesh fraction -140 +200 mesh (74 to 105 microns). 

Actual screen analyses for the six fractions are shown in Table 1, with 
corresponding mean particle d iameters . Bead densities determined by 
using a specific-gravity bottle are listed in Table 1. 

Table 1 

GLftSS BEAD SIZE FRACTIONS 

+30w/o 

-30 +35 »/o 
-35 +40 w/o 

-40 +45 w/o 

-45 +50 w/o 

-60 +70 w/o 
-70 +80 w/o 
-80 +100 w/o 
-100+120 w/o 

-120 +140 w/o 

-140 +170 w/o 

-170 +200 w/o 
-200 +230 w/o 

-230 +270 w/o 
Mean particle 

diameter, mm 

Bead density, 
gm/cc 

35 Mesh 

0.2 
11.8"! 
66.7^94.7 

I6.2J 
5.1 

0.445 

2.50 

45 Mestl 

0.1 
1.0 

13.41 
59.8^97.7 

24.5J 
1.2 

0.317 

2.49 

60 Mesh 

0.2 
1.1 

44.5'1 
35.9 ^92.8 

12.4J 

5.9 

0.231 

2.43 

80 Mesh 

Drum A 

0.3 
9.4 

70,7 
21.3 

3.3 

0.159 

Drum B 

6,3 
78,9 
12.4 

0,160 

Combined 

789^8.1 
II.9J 

0.160 

2.45 

120 Mesh 

Drum A 

0.1 
1.0 

19.3 
61.4 

13.0 

0.114 

-

Drum B 

0.6 
1.6 

76.4 
15.5 

4.2 
1.7 

0.130 

Combined 

0.2 

1.3 
67.2"! 
21.7^96.6 

7,7 j 

1.9 

0.126 

2.45 

Drum A 

0,4 

9,1 

39.3 

45.4 
2.5 
3,3 

0,082 

-

170 Mesh 

Drum B 

0,1 

34,2 
41.4 

22,6 

0.8 
0.9 

0,097 

-

Combined 

0 

30.l"l 
47.6^98.3 

20.6J 
0.7 
1.0 

0.096 

2,45 
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Some difficulty was experienced in the early stages of the work in 
obtaining consistent size-analysis data. The difficulty was caused by dif
ference in behavior between available standard screens of nominally the 
same mesh. Because accurate size analysis standards were vital to the 
study, considerable effort was expended in establishing a set of screens 
that was both consistent and reasonably accura te . The optimum size of 
sample and the optimum sieving time for accurate analysis were also e s 
tablished, at 50 gm and 20 min, respectively. All size analyses are given 
in terms of this set of screens and so a re at least self-consistent, if not 
absolutely accurate. 

5.4 Experimental Method 

For most of the tests performed during this study, three types of 
data were obtained. First ly, the variation in bed p r e s su re drop with gas 
flow rate was observed over as wide a range as possible for each system. 
From these data, the value of the air flow rate necessa ry just to fluidize 
the bed was closely approximated. Recorder t r aces were then obtained 
of the differential pressure drop at several air ra tes up to at least 50% 
above the minimum fluidization rate, in order to represent the general 
state of the bed when fluidized. Finally, a set of t r aces was obtained with 
single bubbles injected at the bottom of the bed, the general air flow being 
just sufficient to fluidize the bed gently without producing unwanted bubbles. 

For the pressure-drop data, and for the t races at the lower air 
flow rates, it was important that the condition of the bed be reasonably 
reproducible from one reading to the next. The most satisfactory way of 
achieving this was to fluidize the bed vigorously before each reading and 
then reduce the air flow to the required value at an approximately constant 
rate. This method also eliminated variable meniscus e r r o r s in reading 
the two manometers. 

The records of the general fluidization t races were obtained in 
sufficient length (at least 12 in.) to permit subsequent analysis of the 
curves. The bubble traces were repeated six times for each set of ex
perimental conditions, sufficient time being allowed between the bubble 
injections for the bed to return to its original condition. 

Additional data recorded where necessary included the weight of 
solid particles used in each test, and the change in position of the upper 
surface of the bed during bubble injection as a measure of the bubble size. 
A further indication of a bubble's size was obtamed by observing its approxi
mate diameter as it burst through the upper surface of the bed. 
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5.5 Experimental P r o g r a m 

The variables covered during this study were as follows: 

a) Bed diameter : 3, 5j, and 11 in.; 

b) Bed depth: up to 30 in.; 

c) Bed part ic le size: 35 to 170 mesh; 

d) Par t ic le size distribution; 

e) Par t ic le density: 2.5 and 8.9 gm/cc ; 

f) Gas flow ra te ; 

g) Probe position and separation from bed axis. 

Some initial experiments were performed with a -40 +60 mesh cut of glass 
beads to develop satisfactory techniques for determining the minimum 
fluidization velocity, and to determine the most satisfactory probe positions 
and spacing for the initial t es t s . 

The first of the main group of experiments employed bed depths of 
15 in. in each of the three bed diameters using all six size fractions where 
possible, to show the effect of bed diameter , part icle size, and air flow 
ra te . The next set tested the effect on injected bubble t races of moving 
the probes horizontally away from the center line of the beds, for the 
5-- and l l - i n . - d i a tubes. Since the bubbles were always injected along 
the bed axis, these experiments showed the degree of influence on the 
differential p re s su re t race of bubbles at various distances from the probes. 

The effect of denser par t ic les was observed by using copper shot 
(with approximately three t imes the density of the glass beads) in the 3-in.-
dia bed. Only one size of copper shot was used. 

The fourth group of experiments tested the effect of bed height and 
vertical probe position and separation on the fluidization and bubble t r aces . 
These tes ts were made in the 5 i - i n . -d i a tube, with bed heights up to 
30 in., and with four of the size fractions (60, 80, 120, and 170 mesh). 

The last se r ies of experiments examined the effect of changing 
part icle size distributions. The individual fractions were mixed in a 
variety of ways in known proportions to simulate the appearance of fines 
in a bed of coarse r par t ic les or of la rger par t ic les in a bed of small ones, 
and to simulate a gradual change in average part icle size. 
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6. PRESENTATION AND DISCUSSION OF RESULTS 

6.1 Treatment of Data 

To convert the general fluidization t races on the recorder charts 
into usable data, some easily measurable character is t ic of the t r aces had 
to be found. The properties that might be suitable are the amplitude of the 
trace, the average value of pressure drop indicated by the t race , the fre
quency of oscillation, and the degree of oscillation or sinuosity of the t race . 

The time average of the quantity of solid in the region of the bed be
tween the probes, and hence the pressure drop ac ross them, depend only on 
the bed expansion, and therefore to a great extent on the fluid velocity. The 
average value of the trace would thus appear to be relatively insensitive to 
particle size changes, and so this character is t ic was of no value. 

The maximum amplitude of the t race was easily measured, but it 
was observed that, especially at air rates not much greater than the mini
mum fluidization value, occasional peaks were much higher than the res t , 
making a measurement of maximum amplitude too uncertain. 

In most traces, no obvious frequency was readily detectable, a l 
though Fourier analysis of the t races might have produced a character is t ic 
frequency. The sinuosity of the curve is related to the various frequencies 
combined in the trace and is relatively easily measured. It was therefore 
adopted as the trace characteristic best able to enumerate the quality of 

the fluidized bed producing the 
Figure 4 
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t race . 

The oscillations of the 
trace result from changes in 
p ressure drop between the probes, 
the changes being caused by the 
passage of gas bubbles through 
the probe zone. Large bubbles 
cause large oscillations, so that 
the best fluidization quality, ac 
cording to Morse 's definition, 
would correspond to a gently os
cillating t race , of small amplitude. 
A bed having many large bubbles 
would be of poor quality and may 
produce a more sinuous t race . 
The sinuosity of the t race may 
thus be considered to be a direct 
measure of bed quality. Figure 4 
shows two typical t r aces , the 
upper one corresponding to a bed 
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of reasonably good quality, the lower one to a bed of much poorer qual
ity, as evidenced by visual inspection. 

The sinuosity of a given t race can be measured by the actual length 
of the line t raced on the chart , because of an important character is t ic ob
served in the t r a ce s . The line length obtained from a curve with low fre
quency and large amplitude could be the same as that obtained from a curve 
with a high frequency and small amplitude; each curve would then have the 
same apparent sinuosity as measured by line length, but one would be much 
more sinuous than the other. However, a reduction in quality of a fluidized 
bed has the effect of adding on to the high-frequency, low-amplitude oscil
lations the character is t ic of a bed of good quality, a lower-frequency oscil
lation of greater amplitude corresponding to the la rger bubbles causing 
the reduction in quality. This behavior is shown to some extent in Figure 4. 
Although some reduction in quality is evident in the upper curve, the effect 
of the la rger bubbles is much more apparent in the lower one. 

The sinuosity of the recorder t r aces has thus been used in this study 
as a direct indicator of bed quality. It was measured in t e rms of the length 
of the t r ace , and in some cases this was done directly by means of a map 
measu re r . This instrument was run over the t race for a fixed chart length 
of 6 in., which corresponds to a time interval of 8.9 sec. Since it was a l 
most impossible to follow the line accurately, three measurements were 
made and the average value determined. The process was then repeated 
on another 6-in. length of the same chart to give two values of sinuosity 
for each set of conditions. 

Most of the sinuosity measurements were obtained in t e rms of 
"line-cut counts." As shown in Figure 4, the chart on which the t races 
were made was divided into 0.5-in. (0.74-sec) intervals along the time 
axis, and by lines paral le l to the time axis spaced 0.055 in. apart . These 
latter lines were perpendicular to the direction of movement of the r e 
corder pen; therefore, the more rapid the pen movement (i.e., the more 
sinuous the curve), the more of these lines would be crossed by the pen 
in any given period of t ime. Accordingly, the sinuosity was determined by 
counting the number of t imes the t race crossed any of the lines paral le l 
with the time axis within a 6-in. length of chart , and the l ine-cut count 
was repeated on a second length, again to give two measurements of 
sinuosity. 

In the sections that follow, the t e rms "sinuosity," "line-cut count," 
and "line length" will therefore be used interchangeably as measures of 
"bed quality." 

A generalized t race for a single injected bubble, typical of those 
obtained at low fluidizing flow ra t e s , is shown in Figure 5. The regions 
AB and FG represent the gently-fluidizing, bubble-free bed. As soon as 
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the solenoid valve was opened, a p re s su re wave passed through the bed, 
and this damped wave is indicated by BC. When the bubble reached the 
lower probe at D, the differential p re s su re fell as the amount of solid m 
the probe zone decreased, and then rose (to E) as the bubble left the zone. 
In nearly all cases, a marked rise in p ressu re (shown at EF) was observed 
after the bubble had left the probe zone. This was probably caused by the 
collapse of the bed as the bubble burst . In some cases , a slight r i se in 
pressure was observed just before the bubble reached the probe zone; 
this may have been due to compaction of part ic les ahead of the bubble. 

Figure 5 

A GENERALIZED 
BUBBLE TRACE 

108-7498 

The parts of the trace used to give information on bubble behavior 
were the interval BD, between injection and the time of reaching the probe 
zone, and the depth of the trough in the interval DE. The first of these is 
used to obtain bubble velocities, and the second as a measure of bubble 
size. As bubble injection occupied a finite time (from 0.036 to 0.236 sec), 
it is assumed that the rate of rise of the top of the bubble during forma
tion was not markedly different from the bubble-rise velocity. 

6.2 Measurements of Fluidization Quality 

6-2.1 Effects of Particle Size and Bed Diameter 

The tests made in this part of the program are as follows: 

3-in.-dia beds; 35, 45, 60, 80A, 80B, 120A, 120B, 170A, and 
170B mesh glass beads; 

5j-in.-dia beds; 45, 60, 80A, SOB, 120A, 120B, 170A, and 
170B mesh glass beads; 

l l - in.-dia beds; 60, 80, 120, and 170 mesh glass beads. 

The suffixes A and B for the 80, 120, and 170 mesh mater ia l 
represent, for each fraction, the contents of two separate drums of slightly 
differing particle size. These two lots had to be combined to give enough 
material for the U-m.-dia beds. There was not enough 35 mesh mater ia l 
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for the 51-in. bed, nor enough 45 mesh mater ia l for the 11-in. bed. The 
minimum fluidization velocities for all these t es t s , as determined from 
plots of p r e s su re drop against air flow ra tes , are shown in Figure 6. Here 
they are plotted against the average part icle diameter , and the line drawn 
on the graph has a slope of 2, in agreement with the fundamental dependence 
of the minimum velocity on the square of part icle diameter . The average 
part icle diameter was that given by the relation 

z 
where x^ is the weight fraction of mater ia l between two adjacent sieve 
sizes, and d̂  is the mean size of these two sieves. 

Figure 6 

THE DEPENDENCE OF MINIMUM FLUIDIZATION VELOCITY ON AVERAGE BED-PARTICLE SIZE 

O 3 in. diameter 

A 5 5 i n . diameter 

Q 11 in diameter 

AVERAGE PARTICLE DIAMETER-mm. 

108-7499 

The correlation between velocity and the square of the mean 
part icle diameter is good, although there is a slight indication of a de
par ture from linearity for the smallest part icle s izes . This divergence 
may be accounted for by a more pronounced effect of static electr ical 



charges with the smaller material . Because of the need to use relative 
velocities in comparing later resul ts , the minimum fluidization velocities 
had to be known with some confidence. Despite the inherent difficulties 
involved in measuring such velocities ,(57) the method adopted here has 
given values quite satisfactory for their purpose. 

The actual size fractions employed in this study, as shown 
in Table 1, were less closely sized than was intended, although each has 
well over 90 w/o within three adjacent sieve fractions. As a result of 
this wider range, there was some overlap between successive fractions, 
especially between the 120 and 170 mesh mater ia l . 

The results of the line-cut count analyses are shown in Fig
ures 7 to 16. A typical analysis for one size fraction (60 mesh) and one 
bed size (3-in. dia) is shown in Figure 7, in which the number of l ine-cut 
counts in 6 in. of chart length is plotted against air flow rate . Similar ex
amples are given in Figure 8 and 9 for 80 mesh, 5 j - i n . dia, and 60 mesh, 
U-in. dia, respectively. In each figure, the data points are included to 
show the scatter. 

Figure 7 

TRACE INTENSITY VERSUS AIR FLOW RATE FOR 
60 MESH GLASS BEADS, 11-in.-DIA COLUMN 
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Figure 8 
TRACE INTENSITY VERSUS AIR FLOW RATE FOR 

80 MESH GLASS BEADS, 5.5-in.-DIA COLUMN 

29 

108-7501 

Material: BOmesh glass beadi 

Bad diam«ler 5 5 inches 

Bed depth : 15 inches. 

Figure 9 

TRACE INTENSITY VERSUS AIR FLOW RATE FOR 

60 MESH GLASS BEADS. U-in.-DIA COLUMN 

M a l e n a l : SOmash g lass beads. 

Bed d iameter ; 11 inches. 

Bed d e p t h : 15 inches. 

AIR FLOW R A T E - c u . ft / rr 
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F i g u r e 10 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR F L O W R A T E 
FOR VARIOUS-SIZED GLASS BEADS, 3 - i n . - D I A COLUMN 

1!0A 

Material: Glass beads. 

Bed diameter: 3 inches. 

Bed depth: 15inchcs. 
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F i g u r e 11 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR F L O W R A T E 
FOR VARIOUS-SIZED GLASS BEADS, 5 .5 - in . -DIA COLUMN 

Material : Gtass b«ai 

Bed diameter: 5'5ini 

Bed depth: 15 inches. 

AIR FLOW R A T E - c u , ! t , /min 

108-7504 
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Figure 12 

INTENSITY MEASUREMENTS AS A FUNCTION 
OF AIR FLOW RATE FOR VARIOUS-SIZED 

GLASS BEADS, 11-in.-DIA COLUMN 
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Figure 13 

INTENSITY MEASUREMENTS AS A FUNCTION OF 
VELOCITY RATIO FOR VARIOUS-SIZED GLASS BEADS, 

3-in.-DIA COLUMN 

108-7506 
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Figure 14 

INTENSITY MEASUREMENTS AS A FUNCTION OF VELOCITY RATIO FOR 
VARIOUS-SIZED GLASS BEADS, 5.5-in.-DIA COLUMN 

VELOCITY R A T I O - U o ' U m f 

Figure 15 

INTENSITY MEASUREMENTS AS A FUNCTION OF VELOCITY RATIO FOR 

VARIOUS-SIZED GLASS BEADS, l l - i n . - D I A COLUMN 

108-7508 

Material : Glass beads 

Bed diameter: ninet ies. 

Bed deptt^; iSinct^es. 

VELOCITY RATIO - U o ' U f n 



Figure 16 

INTENSITY MEASUREMENTS AS A FUNCTION OF 
GAS VELOCITY FOR VARIOUS-SIZED GLASS BEADS 

33 

SUPERFICIAL VELOCITY- f t /s«c. 

108-7509 

All the curves such as those just mentioned are shown in 
Figures 10 to 16. In Figures 10 to 12, the line-cut count is plotted directly 

5t air flow rate , for the three bed diameters . The abscissa has a 
te the curves for the smaller particle sizes. 

aga i 
logarithmic scale to separa 
The same data are presented in Figures 13 to 15, but here the line-cut 
count is plotted against the ratio of the actual flow rate to the minimum 
fluidization value. Figure 16 includes the same data again (except for the 
170 mesh data which would further complicate the low-velocity end of the 
plot) but this time plotted against superficial gas velocity, with data for 
all three bed diameters on the same graph. In Figures 10 to 16, the data 
points have been excluded to avoid confusion, the actual scatter being 
similar to that in Figures 7 to 9. 

The resul ts of these experiments substantiate some of the 
general comments given at the end of Section 3, if t race sinuosity be 
accepted as a direct measure of bed quality. Thus. Figures 7 to 16 show 
an increase in sinuosity and hence deterioration in quality, as the gas 
velocity is increased. Most of the curves appear to be l inear, or nearly 
so at higher velocities, with a region of increasing slope at the lower end, 



34 

this region being dominant in some cases and apparently absent in others . 
Figure 16 shows that the final slopes for the different mater ia l s a re approxi
mately the same when plotted in te rms of superficial velocity, although the 
nonlinear portion becomes larger for the smaller part icle s izes . Because 
of the parabolic relationship between minimum fluidization velocity and 
mean particle size, the curves become closer, on a linear scale, for the 
finer particles, and the lower initial slope causes some crossover of curves 
for these materials. A direct plot of sinuosity against flow rate or ve
locity thus permits ready identification of the l a rge r - s i ze fractions (35, 
45, 60, and 80 mesh), differentiation of the smal le r - s ize fractions (80, 
120, and 170 mesh) being more difficult. 

The effect of particle size on sinuosity can be separated from 
that on minimum velocity by plotting line-cut count against the velocity 
ratio (actual-to-minimum fluidization velocities) as in F igures 13 to 15. 
These figures demonstrate the marked increase in sinuosity with in
creasing particle size at a given value of the velocity ratio. The in
creasing order of the curves correlates well with the corresponding size 
distributions of Table 1. 

The curves of Figure 16 show that, within the rather wide 
limits of error associated with them, there is no apparent effect of bed 
diameter on bed quality at a given superficial velocity, at least within 
the experimental range from 3 to 11 in. 

6.2.2 Effects of Particle Density 

The effect of increased particle density was determined by 
the use of copper shot instead of glass, the two densities being in the 
ratio of about 3.6 to 1. The actual size distribution of the copper shot 
was as follows: 

+ 30 mesh 0.8% 
-30 +35 mesh 5.9% 
-35 +40 mesh 78.8% 
-40 +45 mesh 8.9% 
-45 +50 mesh 5.5% 
-50 mesh 0.1% 

100.0% 

It is therefore reasonable to compare the behavior of this 
copper shot with that of the "35 mesh" glass beads. This is done m Fig
ure 17 m which the line-cut count is plotted against the velocity rat io for 
both glass beads and copper shot in the 3-in.-dia bed. Because of the 
greater pressure drop across the copper shot, the probe spacing was r e 
duced to 3 m^m this case, but retained at 6 in. for the glass beads (the 
lower probe being 6 m. from the base for both mater ia ls) 
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Figure 17 

INTENSITY MEASUREMENTS AS A FUNCTION OF VELOCITY 
FOR MATERIALS OF DIFFERENT DENSITIES 

tar : 3inch«s 

Glass beads 15 inches 

Copper shot 12 inches 

Glass beads 6 Inches 
Copper shot 3 inches 

VELOCITY RATIO- Uo / Umf 

108-7510 

The effect of increased particle density is demonstrated by 
the data from this experiment. If the same probe separation of 6 in. had 
been used for both mater ia l s , the increase in sinuosity with the copper 
shot would have been even grea ter . (The effect of probe separation on 
sinuosity is described in the section immediately below.) 

6.2.3 Effects of Bed Height and Probe Position 

These experiments were carr ied out in the 5}-in.-dia tube, 
using the following values of system variables: 

(a) Bed-particle size: 60, 80, 120, and 170 mesh; 

(b) Bed depth; 6. 12, 18, 24, and 30 in.; 

(c) Lower probe positions: 0, 6, 12. 18, and 24 in. from the 
support plate, as appropriate to bed depth; 

(d) Probe separation: 3, 6, and 9 in., as appropriate to bed 
depth and lower probe position. 
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A total of 160 experiments is obtained from all available combinations of 
fheselar iables Since it is not practical to present all 160 graphs, typical 
examples are presented in Figures 18 to 21. The experiments were con
ducted over a velocity range from the minimum fluidization ve ocity or 
the particular size fraction used, up to about one and one-half t imes the 
minimum. 

The first set of curves (in Figure 18) shows the effect of 
changing bed-particle size under the conditions of these experiments while 
the other variables remain constant (bed depth 24 in., probes at 6 and 12 in. 
from the support plate). These curves are plotted in a manner similar to 
that of Figure 14 with which Figure 18 is directly comparable, differing 
only in bed depth (24 instead of 15 in.). 

Figure 18 

INTENSITY MEASUREMENTS AS A FUNCTION OF 
VELOCITY RATIO SHOWING EFFECT OF PARTICLE SIZE 

Mater ia l : Glass beads. 

Bed diameter 5'5 incties 

Bed depth 2i i inches. 

Probe pos i t ions 6 4 12 in from base. 

108-7511 

The effect of the position of the probes along the bed axis is 
demonstrated in Figure 19 which includes two sets of curves, one for the 
60 mesh material in a 24-in.-deep bed, and the other for the 120 mesh 
beads in a 30-in. bed. A constant probe separation of 6 in. applies to all 
the curves. In this case, the curves show the line-cut count plotted against 
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actual gas flow rate rather than a velocity rat io, for a set of lower probe 
positions increasing by 6-in. intervals from the support plate. 

Figure 19 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR 
FLOW RATE SHOWING EFFECT OF PROBE POSITION 

Material : Glass beads 

Bed diameter: S•5lncl^«s, 

Bed depth : 60 Mesh. It, Incties, 

120 Mesh 30 inches 

Probe s e p a r a t i o n : 6 inches. 

AIR FLOW R A T E - CU tt / 

108-7512 

For a constant position of the lower probe and constant bed 
depth, the effect of increasing the probe separation is shown in Figure 20. 
Here again two sets of curves are given (for 60 and 120 mesh material) 
with air flow rate as the abscissa. The three curves in each set c o r r e s 
pond to the three probe separations, viz., 3, 6, and 9 in. 

The effect of increasing bed height on bed quality is i l lus
trated in Figure 21, again by two sets of curves with sinuosity plotted 
against air flow ra te . The first set shows the effect on the lowest 6 m. 
of the bed as the height is increased from 6 to 24 in., and the second set 
shows the corresponding effect on the uppermost 6 in., in both cases for 
80 mesh mater ia l . 



F i g u r e 20 

INTENSITY MEASUREMENTS AS A F U N C T I O N OF AIR 
FLOW RATE SHOWING E F F E C T OF P R O B E S E P A R A T I O N 

Material Glass beads. 

Bed diameter 5 5 incties 

Bed dept t i : lU Inetics. 

Probe posi t ion: 

• probe 6 in. from base. 

AIR FLOW RATE- *IR F low RATE-cu. f t . /min 

108-7513 

F i g u r e 21 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR F L O W 
RATE SHOWING E F F E C T OF BED HEIGHT 
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These resul ts offer further confirmation of the ear l ie r con
clusions on the effects of various bed pa r ame te r s on bed quality. Thus 
Figure 19 shows the obvious increase in sinuosity, or decrease m quality, 
at increasing distance from the distr ibutor, for a constant bed height. As 
forecast, the sinuosity in a region at a fixed distance from the distributor 
is not noticeably affected by an increase in the height of bed above that 
region, as shown in Figure 21, which also shows the increasing sinuosity 
at the top of a bed as its height inc reases . These effects of increasing 
distance from the distributor in decreasing the bed quality must be a com
bination of the effects of bubble growth, and of increased gas velocity r e 
sulting from the decreasing absolute gas p r e s su re up the bed. 

There is an interesting effect of increasing probe separation 
for a given lower probe position, shown in Figure 20. The marked de
crease in quality resulting from the increase in separation from 3 to 
6 in., and the much smaller change between 6 and 9 in., cannot be ex
plained only by the inclusion of zones further from the distributor and 
therefore of poorer quality. It may well be related to some natural bubble 
size, of which the 3-in. separation is too small to take full benefit. 

6.2.4 Effects of Pa r t i c l e - s i ze Distribution 

To determine the effect of changes in par t ic le-s ize d is t r i 
bution on bed behavior, tes ts were made in the l l - i n . -d i a column with 
beds composed of mixtures of the size fractions used in previous experi
ments. One fraction was added to another in known increments (of one 
or two kilograms) with size analyses made after each addition to follow 
the changes in size distribution. The starting bed in each case weighed 
about 32 kg, mixed mater ia l being removed after each incremental addi
tion to maintain a constant bed height. The mixtures employed were as 
follows: 

(a) 120 mesh in 1-kg increments added to 60 mesh; 

(b) 170 mesh in 1-kg increments added to 80 mesh; 

(c) 120 mesh in 2-kg increments added to 170 mesh; 

(d) 45 mesh in 2-kg increments added to the mixture of 
120 and 170 mesh from (c). 

This ser ies of mixtures thus covered the effect of an in
creasing proportion of fine par t ic les in a bed of coarser ones (a) and (b) 
of an increasing proportion of coarser part ic les in a bed of fmes (d), and 
of a gradual change from one fraction to another (c). Abbreviated size 
analyses of the mixtures are given in Table 2, in which the important 
changes for each mixture a re within the double l ines. 
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Table 2 

ST7,K ANALYSES OF MIXTURES 

Mixture 

120 m e s h into 

(see F i g u r e 22) 

170 m e s h into 
80 m e s h 
(see F i g u r e 23) 

120 m e s h into 
170 m e s h 
(see F i g u r e 24) 

45 m e s h into 
combined 170 
+ 120 m e s h 

Size 
F r a c t i o n 

+60 

-60 +100 

-100 

+80 

-80 +120 

-120 

+ 120 

-120 +170 

-170 

+60 

-60 +100 

-100 

C u m u l a t i v e A d d i t i o n s of S e c o n d C o m p o n e n t 

0 

41.1 

58.9 

0 

0 

6.8 

91.9 

1.3 

0 

0 

74.1 

25.9 

0 

0 

10.6 

89.4 

1 kg 

40 .6 

56.9 

2 .5 

1 kg 

6.7 

90 .5 

2.8 

2 kg 

1.8 

73.7 

24 .5 

2 kg 

5.1 

10.5 

84.4 

2 kg 

38 .8 

55.9 

5.3 

2 kg 

6.5 

88.0 

5.5 

4 kg 

3.9 

71 .4 

24.7 

4 kg 

9.9 

10.1 

80.0 

3 kg 

37.1 

55.2 

7.7 

3 kg 

6.2 

86 .3 

7.5 

6 kg 

5.6 

70.6 

24 .0 

6 kg 

16.7 

8.0 

75 .3 

4 kg 

38.0 

51.1 

10.9 

4 kg 

5.9 

84 .5 

9.6 

8 kg 

7.7 

70 .0 

22 .3 

8 kg 

19.4 

7.3 

73 .3 

5 kg 

37 .3 

50.4 

12.3 

5 kg 

5.4 

82.9 

11.7 

10 kg 

9.9 

69.4 

20.7 

10 kg 

26 .8 

6.6 

66.6 

Note; Significant size changes for each mixture are within the double 
lines. 

The trace sinuosities for the various mixtures are shown in 
Figures 22 to 25. In Figures 22 to 24, the sinuosities as determined by 
line-cut counts are plotted against air flow rate for three of the four mix
tures. The air rates used covered the range up to about twice the minimum 
fluidization value. Under these conditions, the 45 mesh par t ic les added to 
the (170 + 120) mesh mixture were found to segregate out at the bottom of 
the bed and to remain unfluidized. Accordingly, the differential p re s su re 
traces were unaffected by the addition of the coarse par t ic les , and the 
line-cut count analyses are not included. The t races that were analyzed 
in Figure 22 have been reanalyzed in Figure 25 by means of the m e a s u r e 
ment of actual trace length, which is plotted against air flow ra te . The six 
curves on each of these figures correspond to the original bed mater ia l and 
the mixtures formed by the incremental additions of the other component. 
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Figure 22 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR FLOW RATE SHOWING EFFECT OF 

PARTICLE SIZE DISTRIBUTION FOR ADDITION OF 120 MESH TO 60 MESH GLASS BEADS 

Material : Glass beads. 

Bed diameter: 11 inches. 

Bed depth, 15 inches. 

Added increment, kg : 0 1 2 3 4 5 

w/o -120 mesh: 0 2,5 5 3 7.7 10,9 12,3 

AIR FLOW RATE-cu ft,/IT 

Figure 23 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIRFLOW RATE SHOWING EFFECT OF 

PARTICLE SIZE DISTRIBUTION FOR ADDITION OP 170 MESH TO 80 MESH GLASS BEADS 

AIR FLOW RATE-cu,t t /min 

108-7516 
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Figure 24 

INTENSITY MEASUREMENTS AS A FUNCTION OF AIR FLOW RATE SHOWING EFFECT OF 

PARTICLE SIZE DISTRIBUTION FOR ADDITION OF 120 MESH TO 170 MESH GLASS BEADS 

" T " 

Mater ia l ; Glass beads. 

Bed diameter: 11 inches. 

Bed depth : ISinches. 

Added increment, k g : 0 2 4 6 8 10 

* / o - ^ IZOmesh ; 0 1.8 3.9 5,6 7.7 9 .9 

AIR FLOW RATE — c u . f t . / m i n 

Figure 25 

TRACE LENGTH AS A FUNCTION OF AIRFLOW RATE SHOWING EFFECT OF PARTICLE SIZE 

DISTRIBUTION FOR MIXTURE OF 120 WITH 60 MESH GLASS BEADS 
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The easy distinction between different-sized mate r i a l s , at 
least among the larger s izes, afforded by the l ine-cut count measurements 
discussed in Section 6.2.1, is borne out to some extent by the data on the 
made-up mixtures detailed in Table 2. The behavior of these mixtures 
is complicated to a large extent by the interaction between the following 
four phenomena: 

(a) The decrease in quality with increasing gas velocity or 
velocity rat io . 

(b) The decrease in minimum fluidization velocity with in
creasing part icle size. 

(c) The decrease of initial slope of the sinuosity-velocity 
curve with decreasing part ic le size. 

(d) The decrease in sinuosity with decreasing part icle size 
for a constant value of the velocity rat io. 

Operation of the first two of these factors resul ts in an in
crease in sinuosity for a given velocity as the part icle size decreases , 
while the other two factors operate in the opposite manner, causing a 
decrease in sinuosity under the same conditions. As can be seen from 
Figures 22 and 23, the effect of reducing the minimum fluidization velocity 
proves to be the dominant one, and the resul t is that, for constant gas 
velocity, the sinuosity increases as the part icle size decreases . This is 
true both for the addition of 120 mesh to 60 mesh part ic les (a diameter 
ratio of 0.55:1), and of 170 mesh to 80 mesh par t ic les (a diameter ratio 
of 0.60:1). Here then is an important exception to the general conclusions 
on par t ic le-s ize effects on bed proper t ies given at the end of Section 3, 
in that adding finer par t ic les to a bed increases the sinuosity, hence de
creasing the quality. The addition of 120 mesh to 170 mesh mater ia l , illus
trated in Figure 24, resul ts in small changes in minimum fluidization 
velocity, so that no one of the above factors dominates and the curves 
present no obvious pattern of behavior. The tendency, as far as there is 
one, seems to be for an increase in sinuosity with an increase m particle 
size, compared with a decrease in the other two cases . 

The data obtained by measuring the length of the t race r e 
produced very closely the pat tern of the line-cut '^"--t measurements as 
can be seen by comparing Figure 25 with Figure 22. Thus - t h e r - thod 
can be used as a measure of t race sinuosity with the same degree of 
confidence. 

6.2.5 General Summary of Par t i c le - s ize Effects 

Although no proof has been offered that t race sinuosity as 
measured by l ine-cut count or by line length, is a direct measure of bed 
TuaUty U appears to be a valuable index of the effect of several bed 
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parameters 'on the uniformity of fluidization. Of itself, t race sinuosity has 
proved to be a useful measure of bed-particle size over a fairly wide range. 
For materials of similar densities, a l ine-cut count determination could 
distinguish between average particle sizes in rat ios greater than about 1.4. 
With careful operation, a method employing this technique probably could 
show a gradual change in particle size or a small increment (in the region 
of 2 to 5%) of fine particles. It does not seem possible to detect the presence 
of a small proportion of coarse part icles by a technique relying on the r e 
sponse from probes suspended away from the base of the fluidized bed. 

Comparatively simple instruments could be developed to 
measure directly line length (by use of conducting inks) or l ine-cut counts 
(by counting the number of passages of a moving a r m over a row of point 
contacts). However, further experimentation concentrating on m e a s u r e 
ments of trace amplitude and frequency may reveal still closer dependence 
on bed quality and perhaps more simple instrumentation. 

6.3 Behavior of Injected Gas Bubbles 

6.3.1 Generated Bubble Size 

The volume of air injected into the bed to form a bubble could 
be determined by calibration of the injection mechanism as described above, 
coupled with a continual check on the time of opening of the solenoid valve 
by means of the Visicorder record. However, the bubble produced by an 
injected burst of air may not have the same volume as that injected. Rowe 
and Partridge have shownl^S) that the ratio of bubble volume to injected 
volume depends on the fluidization velocity, a ratio of unity being obtained 
at about 10% above the minimum fluidization velocity. 

In the present study, the volume of the injected bubble was 
determined in the following ways: 

(a) By the expansion of the bed following injection, Vg, as 
measured by the rise in the bed level. 

(b) By the apparent volume, Vd, as the bubble burs t through 
the upper surface of the bed, as measured by the apparent diameter , if the 
bubble was assumed to be spherical. 

(c) By the indicated volume, V^, on the chart r ecords , as 
measured by the ratio of bubble-trough depth to the average t race level 
in the absence of bubbles. 

These three sets of values, together with the injected volume, Vi, a re 
included m Table 3, each figure m the table being an average of at leas t 
20 measurements. The table also includes the ratios of the three m e a s 
ured bubble volumes to the corresponding injected volume. 
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AVERAGE B U B B L E V O L U M E S FOR GLASS BEADS 

IN A 5-S--in.-DIA COLUMN 

Solenoid 
Open 
T i m e , 

s e c 

0.036 
0.088 
0.128 
0.236 

Injected 
V o l u m e 

Vi , 
cu in. 

2.75 
6.23 
8.91 

13.23 

E x p a n s i o n 
V o l u m e 

V e . 
cu m . 

2.95 
5.36 
7.58 

12.66 

" O b s e r v e d " 

V o l u m e 

Vd. 
cu in. 

11.8 
21.9 
35.1 
50.0 

" C h a r t " 

V o l u m e 

V c . 
cu in. 

13.0 
23.4 
29,9 
37.9 

Ve 

"vT 

1.07 
0.86 
0.85 
0,96 

Vd 

~i 

4.30 
3.52 
3.94 
3.78 

Vi 

4.73 

3.78 
3.36 
2.87 

The actual volumes of injected bubbles given in Table 3 vary 
considerably between the three methods of "measurement." The determina
tion by means of the observed expansion of the total volume of the bed, Vg, 
must represent the net volume added to the system during injection. There
fore these values agree well with those for the volumes, Vi, injected by the 
solenoid valve. If it be safe to assume that the degree of expansion of the 
solid mater ia l in the bed is entirely unaffected by the injection of a bubble, 
then the bubble volume should be equal to that injected. However, the indi
cated bubble volumes, Vd and Vc, in Table 3 are considerably larger than 
this. 

An explanation for this discrepancy must lie in e r r o r s in the 
measurement of Vd and Vc, or in the assumption that the injected and 
bubble volumes should be equal. When a bubble reaches the upper surface 
of a bed, a dome of solid material forms just before the bubble burs t s . 
The diameter of the dome can be as much as twice that of the bubble it 
encloses and use of this dome diameter as that of the bubble could lead 
to bubble volumes up to eight t imes their actual value. This parameter 
is clearly one in which little confidence can be placed in absolute t e rms . 
However, the dome diameter is useful as an indication of relative size 
and is used as such, in Table 4, to show the apparent absence of an effect 
of bed-part icle size on bubble size. 

Table 4 

GLASS BEADS IN A 5 f - i n . DIA COLUMN 

Bubble Inject ion 
T i m e , sec 

0,036 

0.088 

0.128 

0.236 

A p p a r e n t Bubble D i a m e t e r (m m c h e s ) at 
Bed for Given Size of G l a s s Bead 

60 M e s h 

2.75 

3.40 

3,90 

4.50 

80 M e s h 

2,75 

3,50 

4,10 

4,65 

120 M e s h 

2,90 

3,45 

4,10 

4,60 

Top of 

170 M e s h 

2,80 

3,55 

4,00 

4,50 
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For bubble t races made on the single-pen recorder , the pen 
>,ould be moving faster for the larger bubbles and the pen inertia error 
ifould be greatest for these bubbles. But the data in Table 3 show that the 

ratio of the volume obtained from the 
chart measurements to that injected is 
greatest for the smallest bubbles and 
considerably less for the largest . 

Figure 26 

EFFECT OF PROBE-TO-BUBBLE-

PATH SEPARATION ON APPARENT 

BUBBLE VOLUME The effect of mov ing t he de tec t ing 
p r o b e s h o r i z o n t a l l y away f r o m the pa th 
of the r i s i n g b u b b l e s i s i n d i c a t e d in F i g 
u r e 26. T h i s f igure shows the p r o p o r 
t ional r e d u c t i o n in a p p a r e n t bubble vo lume 
a s the s e p a r a t i o n b e t w e e n the p r o b e p o 
s i t ion and the pa th fol lowed by the c e n t e r s 
of bubb les i s i n c r e a s e d . The c u r v e i s a 
typ ica l one for the l l - i n . - d i a bed , but the 
f i r s t s ec t ion of the c u r v e (up to a s e p a r a 
t ion of about 2 in.) c o r r e s p o n d s exac t l y 
to the b e h a v i o r o b s e r v e d in the 5 j - i n . -
dia bed. Thus the e r r o r i n c u r r e d when 
bubb les do not p a s s d i r e c t l y up the bed 
ax i s cannot be the c a u s e of the b u b b l e -
size d i s c r e p a n c y , a s th i s e r r o r would 
n e v e r give an i n d i c a t e d v o l u m e g r e a t e r 
than the t r u e v a l u e . 

It i s qui te p o s s i b l e , h o w e v e r , for 
ac tua l bubble v o l u m e s to be g r e a t e r than 
the in jec ted v o l u m e s , Rowe and P a r t -
r idge l - ' ° / having ob ta ined v a l u e s of up 
to twice the in jec ted v o l u m e , for s u p e r -

108-7519 f ic ia l v e l o c i t i e s about 20% above the 
m i n i m u m f lu id iza t ion ve loc i t y (a l though 

the i r work m a k e s it s eem unlikely that a fac to r of four i s p o s s i b l e ) . P a r t 
of the d i sc repancy can be accounted for in th i s m a n n e r . As it i s not out 
of the quest ion for the whole d i s c r e p a n c y to be so a c c o u n t e d for , the bubble 
vo lumes obtained from the s ing le -pen c h a r t r e c o r d s h a v e b e e n u s e d for a l l 
the subsequent g r aphs ; i .e . , Vg = Vc. (The V i s i c o r d e r t r a c e s h a d too low 
a s igna l - to -no i se r a t io to p e r m i t bubb le -vo lume m e a s u r e m e n t s , bu t b u b b l e -
veloci ty m e a s u r e m e n t s w e r e not affected.) 

6.3.2 Effects of B e d - p a r t i c l e Size 

SEPARATION - inchas 

Particle size apparently did not affect the volume of bubbles 
produced m the bed. This is demonstrated by the data of Table 4, which 
gives the average bubble diameters observed at the top of each bed for the 
four different injection times and for four different bed-part icle s izes . 
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The average bubble velocities obtained from the various 
chart records are given in F igures 27 to 30, plotted against the c o r r e s 
ponding volumes. Davidson et al.(55) and Harr ison et^. l^^^i demonstrated 
that bubble velocity (UB) is proportional to the one-sixth root of the bubble 
volume ( V B ) ; that i s , 

I B kVB 1/6 

Curves of the shape represented by the above relationship have been fitted 
to the data in F igures 27 to 30. The resultant values of k for each bed 
material have been plotted against the corresponding mean bed-particle 
size in Figure 31. 

Figure 27 

BUBBLE VELOCITY AS A FUNCTION OF BUBBLE VOLUME 
FOR 60 MESH GLASS BEADS 

Material : 60 Mesh glass beads. 

BUBBLE VOLUME,Vg- i 

108-7520 

The data collated in Figures 27 to 30 show a definite increase 
in velocity with size of bubble. The curves relating velocity to the one-
sixth power of the volume fit the data quite well, the fit bemg soniewhat 
poorer for the two la rger bed sizes. In contradiction to the conclusion of 
other workers(55,56) that particle size does not affect bubble velocity 
these data indicate a dependence on bed-particle size as is shown m Fig
ure 31, the effect being greater for the smaller particle sizes. 
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F i g u r e 28 

BUBBLE VELOCITY AS A FUNCTION OF B U B B L E VOLUME 
F O R 80 MESH GLASS BEADS 

Material aOMest^ glass beads. 

i.0 60 

BUBBLE VOLUME , Vn - in^ 

108-7521 

F i g u r e 29 

BUBBLE VELOCITY AS A FUNCTION OF B U B B L E VOLUME 
FOR 120 MESH GLASS BEADS 

108-7522 

Material: 120Mesh g lass beads. 

20 i o 

BUBBLE VOLUME,Vg - ,„^ 



Figure 30 

BUBBLE VELOCITY AS A FUNCTION OF BUBBLE VOLUME 
FOR 170 MESH GLASS BEADS 
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U B = i ' ' ' % 

Material : 170 Mesh glass beads 

108-7523 
BUBBLE VOLUME,VB " 

Figure 31 

EFFECT OF PARTICLE SIZE ON BUBBLE 
VELOCITY/BUBBLE VOLUME FACTOR 

PARTICLE DIAMETER, dp -microns 

108-7524 
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Occas iona l ly bubble v e l o c i t i e s w e r e c a l c u l a t e d tha t w e r e m u c h 
l e s s than expected. These a l m o s t a l w a y s c o r r e s p o n d e d wi th v e r y l a r g e 
bubbles g r e a t e r than 4 | - in. in d i a m e t e r . Since the tube d i a m e t e r w a s only 
5-i in these bubbles p robab ly e x p e r i e n c e d a b r a k i n g effect c a u s e d by the 
n l r r o w width of the annulus be tween the bubble and the tube w a l l , t h r o u g h 
which all the solid m a t e r i a l above the bubble h a d to p a s s so tha t the bubble 
might r i s e . 

It was a s s u m e d e a r l i e r that the effect ive v e l o c i t y a s s o c i a t e d 
with bubble format ion was not m a r k e d l y d i f fe ren t f r o m the b u b b l e - r i s e 
veloci ty . In the case of the l a r g e r bubb l e s , for which a s ign i f i can t d i f f e r 
ence in the two ve loc i t i e s would c a u s e the l a r g e s t e r r o r , the a v e r a g e 
veloci ty of the bubble roof dur ing f o r m a t i o n w a s be tween 18 and 30 i n . / 
s ec , a s de t e rmined f rom the bubble fo rma t ion t i m e s t a k e n f r o m the 
V i s i c o r d e r c h a r t s , toge ther with the c o r r e s p o n d i n g bubb le v o l u m e s . 
These va lues a r e sufficiently c lose to those of F i g u r e s 27 to 30 to 
a s s u r e the insignif icance of th is s o r t of e r r o r . 

7. CONCLUSIONS 

The quali ty of a f luidized bed h a s been m e a s u r e d by the d e g r e e of 
s inuosi ty of a s ing le -pen cha r t r e c o r d of the output of a d i f f e ren t i a l p r e s 
su re t r a n s d u c e r connected to two p r e s s u r e p r o b e s on the a x i s of the bed . 
The m e a s u r e m e n t of s inuosi ty h a s p r o v e d to be a s a t i s f a c t o r y m e t h o d 
for studying the effects of p a r t i c l e s ize on s o m e of the p r o p e r t i e s of the 
bed. 

In a g r e e m e n t with p r e v i o u s s tud ie s , it h a s b e e n d e m o n s t r a t e d tha t 
within the range of v a r i a b l e s s tudied, bed qual i ty 

(a) d e c r e a s e s as ac tua l gas ve loc i ty i n c r e a s e s ; 

(b) i n c r e a s e s as p a r t i c l e s ize d e c r e a s e s a t a c o n s t a n t va lue for 
the ra t io of a c t u a l - t o - m i n i m u m f lu id iza t ion v e l o c i t i e s ; 

(c) is unaffected by bed d i a m e t e r a t the s a m e s u p e r f i c i a l v e l o c i t y ; 

(d) d e c r e a s e s along the bed ax i s away f r o m the b a s e ; 

(e) at a fixed d i s tance f rom the b a s e of the bed i s unaf fec ted by an 
i n c r e a s e in the bed he ight above tha t point ; 

(f) d e c r e a s e s as p a r t i c l e dens i ty i n c r e a s e s , for the s a m e 
veloci ty r a t i o . 

The d e c r e a s e of m i n i m u m fluidizat ion ve loc i ty wi th d e c r e a s i n g m e a n 
pa r t i c l e s ize outweighs the other effects suff ic ient ly to c a u s e a r e d u c t i o n in 
bed quality a s finer p a r t i c l e s a r e added to a f lu id ized bed , p r o v i d e d tha t the 
fines have a mean d i a m e t e r not much m o r e than half t h a t of the m a i n b e d 
m a t e r i a l . 
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The l ine-cut count (or line-length measurement) technique applied 
to a differential p re s su re -d rop t race has proved suitable as a means for 
observing changes in bed-part icle size, and should be easily adaptable to 
use as a par t ic le -s ize indication instrument. If operated carefully, such 
an instrument could indicate a change in average part icle size or the in
crease in fine-particle content, although it does not seem suitable for 
detecting small increments of coarse par t ic les . 

Individual bubble-r ise velocities have been shown to increase with 
increasing bubble size, obeying well enough the law relating velocity to the 
one-sixth power of the volume. However, in contradiction to ear l ier a s 
sumptions that bubble velocity does not depend on particle size, such a 
dependence has also been demonstrated, with velocities increasing as 
particle size dec reases . 
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